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Basics of Induced Electronic
Polarization

Influence of an external electric field
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Classical Drude Oscillator Model
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SCF with “Cold” Drude Oscillators

The oscillators are set at their
kpd; — QD,z'Ez' =0 local energy minimum at every
timestep during a MD trajectory
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USF({r}) = U({r}, {d°“F})

3USCF SCF dynamics is equivalent to keeping
or: the oscillators at a temperature T* =0 K,
’ “Cold” Drudes...
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Dynamical “Hot” Drude Oscillators

(mz- = 'mlj))l'z = —B—U Drude oscillators are allowed to
31‘2‘ move dynamically as classical
. oU particles during a MD trajectory
mprp,; = rp (“Hot” Drudes)
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Polarizable Water

SWM4-DP:

Simple Water Model with 4 sites and Drude Polarizability

Lamoureux, MacKerell & Roux (JCP, 2004)
Lamoureux et al (CPL, 2005)



Propesties of the SWM4-NDF model compared 1o thoss of the origimal SWM4-DP model and the non-polarizable TIP3P model

Expt* P3P* SWM4-DF SWM4-ND

Mossoereey
o (D) 135 2347 L8S 185
z(A%) 1.44 LO4252 097825
O (D A) —o.134 —0.080 —02421 —0.2479
0y (DA) 2626 1.762 2.4068 24247
Q_(DA) -2493 —-1681 —2.1647 -21768
Dimer (0 K)
Uy (kcalfmeol) -54 —650 -5.18 —5.15
doo (A) 293 274 282 283
0. (0 53 20 70 n
P (D) 2683 3.866 2.087 2062
Budk biguid (298.15 K)
Au (kcalfmol) -9.92 -982 -9927 —-9973
& (AY 2994 29 2993 2991
= M) 2347 2456 2461
D (107> cm’fs) 23 51 2304004 2334002
€ 734 92+5 945 ™43
7 (cp) 0ss 070+ 005
1n (ps) 327, 832, 840 IL1415 1n+2
o (PS) 21 1874003
AG, 4 (kcalfmol) —632, 44, -5, —633 —6.10 —60+00° -59 £ 015 —60*
Airfwater intesface (29815 K)
7 (dynfcm) 20 527 669109 67+4
Ad (mV) —500 —540 —545

* Shear viscosity y from [14] 1 from [15-17] npe from [18] AG,, ., valees from [19-22] ([20] a1 27 °C). For other propesties, see [2] and seferemces
thereim.

® Ref. [6] for the model, 7 and A¢ from 23] AGiya from [24]

“ Ref_ 2] except for AGua.

4 This work.

= Corvect value, obtained from trajectories of [2)

f From TI cakculation in bulk water, using 100 ps per window instead of 300
E From TI cakculation in bulk water.

* From PMF calculation in the siab system.

Lamoureux et al, CPL 2005
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Simulating Monovalent and Divalent lons in Aqueous
Solution Using a Drude Polarizable Force Field

Haibo Yu,™* Troy W. Whitfield,"** Edward Harder,” Guillaume Lamoureux,"
Igor Vorobyov,-" Victor M. Anisimov,~ Alexander D. MacKerell, Jr.,* and
Benoit Roux*'#

Table 2. Properties of Alkali Cations, Halide Anions, and Divalent Cations with Drude Polarizable Models

ion Umina dmin b AH c Imax gmax Tmin gmin Nc D d A Gm',e AA Ghydrf

Lit —-35.9(—35.2) 1.91(1.87) —35.6(—34.0,—34.0) 2.02 1250 256 0.00 4.0 1.30(1.03) —1205 —24.2 (—23.8 to —26.2)
Na* —24.6 (—24.3) 2.25(2.26) —24.4(—24.0,—25.0) 238 742 324 020 56 158(1.33) —96.3 —-17.3(—16.7 to —17.7)
K* -17.9(-17.8) 2.62(2.64) —17.6(—17.9,—-18.1) 2.74 480 356 045 6.9 2.20(1.98) -786 —-5.2 (—4.9t0 —5.4)

Rb* —-15.7 (—16.1) 2.79(2.79) —-15.2(—15.9,—-16.0) 2.90 4.04 3.80 062 8.1 244(2.07) -73.7 -7.1(-5.5t0 —-7.7)

Cs*  —13.3(-14.1) 3.05(2.99) -125(-13.7,-) 3.16 325 4.10 0.75 9.7 256(2.068) —66.5

F- —235(—25.9) 2.53(2.44) —23.2(—23.3,-233) 272 477 3.34 037 55 1.33(1.48) —108.0 —30.0 (—13.4 to —30.6)
Cl- —14.0 (-14.4) 3.09(3.11) —13.7(-13.1,-144) 316 3.15 378 0.72 6.5 1.82(2.03) -78.4 —-6.5 (—3.3t0 —6.9)

Br- —-12.4 (—-12.7) 3.26(3.26) —11.9(-12.6, —13.0) 3.28 270 396 075 6.8 1.85(2.08) -71.6 -85 (=7.7to —11.1)
I- —-10.2 (—10.6) 3.56 (3.50) —9.7(—10.2,-10.5) 350 228 4.16 0.90 7.1 2.02(2.05) —63.1

Zn®*  —100.0 (—96.3) 1.82(1.86) —99.4 (—103.1) 214 172 308 0.0 6.0 0.61(0.70) —460.2 —90.3 (—107.6)

Mg2*  —89.4 (-77.9) 1.86(1.93) —89.0(—81.8) 206 190 272 0.0 6.0 0.82(0.71) —447.2 —77.3 (—=77.7 to —80.3)
Ca?2*  —55.6(—54.9) 2.18(2.25) —55.1 (—56.5) 228 169 276 00 6.0 0.96(0.79) —369.9 —32.7 (—29.8 to —32.9)
Sr2t —45.2 (—40.6) 2.30(2.52) —44.7 (-) 242 119 320 00 7.2 0.96(0.79) —337.2 —27.2 (—27.9to —31.1)
Ba?*  —37.7(—34.0) 2.56(2.73) —37.3(-) 268 104 330 0.1 82 097(0.85 —310.0
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Determination of Electrostatic Parameters for a
Polarizable Force Field Based on the Classical Drude
Oscillator

Victor M. Anisimov," Guillaume Lamoureux,* Igor V. Vorobyov," Niu Huang,"/
Benoit Roux.} and Alexander D. MacKerell, Jr.*
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Is induced polarization a reasonable model of QM?

E= [""dq ¢(q)

0
@
E"= AGey T %Bqlestz
Charge Gdstat 0.5qdpo Er E Edits
0.5 ~13.1 —3.4 165 —16.3 0.2
1.0 —26.2 —15.3 —41.5 —40.2 1.3
2.0 —52.4 —115.0 —-167.4 —128.8 38.6

Harder, Anisimov, Vorobyov, Lopes, Noskov, MacKerell & Roux (JCTC, 2006)



N-methyl acetamide

The Molecular Dipole of NMA*“

dipole QM Drude (unscaled/vthole)
U 0.36 0.35
Uy 3.89 3.84
U 0.06 0.0
7 39 39

Molecular Polarizabilities of NMA¢

a QM Drude (unscaled/vthole)
Ol 94 92
Oy 04 0.6
Oz 0.0 00
Oy 8.0 8.0
Oy 0.0 00
o 6.0 64
TR(Q) 7.8 79

The Temperature Dependence of the Dielectric
Constant from Simulations at 308 and 373 K¢

NMA € (T =308 K) € (T=373K)
experiment 170 100
Drude 150 + 15 92+5
CHARMM 55+5 37+2

Harder et al (J Phys Chem B 2008)



Dual Langevin Thermostats for high
performance scalable NAMD
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Seconds per step

Drude model implemented in NAMD:
Tests on Blue Gene/P

SWM4 decane (Drude)
NMA (Drude)
0.1
TIP3
decane (nonpolarizable) NMA (nonpolarizable)
0.0 . ‘ '
%00 1000 1000 1000

Number of processors

A) Cubic box of 72000 water molecules (ratio 1:2)
B) Cubic box of 8576 decane molecules (ratio 1:1.6)
C) Cubic box of 18944 NMA molecules (ratio 1:1.8)



Conductivity of Aqueous Physiological Salt Concentration
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DPPC bilayer representative configuration

(32+32) DPPC bilayer |
Ed Harder, Janamejaya Chowdhary
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Many-Body Polarization Effects and the Membrane Dipole Potential

Edward Harder,™ Alexander D. MacKerell, Jr.,** and Benoit Roux*:

0.04

0.03

Q 0.02

<pcos®>/p,

°

(V/IA)

E

0.01

0

0.005

T

monolayer-air
—valCr
w— PC
ester
s aliphatic
water-air
water

w— MoONoOlayer-air

walter-air

Il (Debye)

"

-

™

Lol

"

w— monolayer-air

water-air

| I

I s water + PC + ester I




Probability

0.40

0.35

0.30

e
N
wu

o
[N)
o

0.15

0.10

0.05

0.00

Additive and Drude simulations of
duplex DNA (EcoR1)
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Polarizable Drude FF Status

Small molecular optimization near completion
Polarizability scaling to reproduce dielectric

Lone pairs on H-bond acceptors
Interactions as a function of orientation

Anisotropic atomic polarizability A
Polarization response as a function of orientation
Interactions with ions

Atom-based Thole Scale Factor H3C
Molecular polarization tensor, dielectric constant >:O °
H3C o Oo

LJ parameters on Drudes and lone pairs
Interaction with ions

Electrostatic damping: flat well, higher order restraining potential

Pairwise-specific LJ terms (NBFIX) with water
Systematic overestimation of free energy of solvation

Phospholipid bilayer membranes, protein, nucleic acids

Implementation in high performance scalable NAMD



